Branched Pectic Galactan in Phloem-Sieve-Element Cell Walls: Implications for Cell Mechanics by Torode TA et al.
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Newcastle University ePrints - eprint.ncl.ac.uk 
 
Torode TA, O'Neill R, Marcus SE, Cornuault V, Pose S, Lauder RP, Kračun SK, 
Rydahl MG, Andersen MCF, Willats WGT, Braybrook SA, Townsend BJ, 
Clausen MH, Knox JP. 
Branched Pectic Galactan in Phloem-Sieve-Element Cell Walls: Implications 
for Cell Mechanics. 
Plant Physiology 2018, 176(2), 1547-1558. 
 
Copyright: 
© Copyright 2018 American Society of Plant Biologists. This article may be downloaded for personal use 
only. 
DOI link to article: 
https://doi.org/10.1104/pp.17.01568  
Date deposited:   
01/05/2018 
Embargo release date: 
06 February 2019  
 1 
 
Branched pectic galactan in phloem-sieve-element cell walls: 1 
implications for cell mechanics  2 
Thomas A Torode1,2*,
 Rachel O’Neill1,3*, Susan E Marcus1, Valérie Cornuault1, Sara 3 
Pose1, Rebecca P Lauder3, Stjepan K. Kračun4, Maja Gro Rydahl4, Mathias CF 4 
Andersen5, William GT Willats6, Siobhan A Braybrook2, Belinda J Townsend3, Mads H 5 
Clausen5, J Paul Knox1   6 
1Centre for Plant Sciences, Faculty of Biological Sciences, University of Leeds, Leeds 7 
LS2 9JT, United Kingdom 8 
2Sainsbury Laboratory, University of Cambridge, Cambridge, CB2 1LR, United Kingdom 9 
3Department of Plant Biology and Crop Science, Rothamsted Research, Harpenden, 10 
Hertfordshire, AL5 2JQ, United Kingdom 11 
4Department of Plant and Environmental Sciences, University of Copenhagen, 12 
Thorvaldsensvej 40, Frederiksberg 1871, Denmark 13 
5Center for Nanomedicine and Theranostics, Department of Chemistry, Technical 14 
University of Denmark. Kemitorvet, Building 207, DK-2800 Kgs. Lyngby, Denmark 15 
6School of Agriculture, Food and Rural Development, Newcastle University, Newcastle 16 
upon Tyne NE1 7RU, UK. 17 
*These authors contributed equally to the manuscript.  18 
 19 
Keywords: phloem, cell wall, pectin, monoclonal antibody, atomic force microscopy, 20 
rhamnogalacturonan-I, galactan, sugar beet, Arabidopsis, Miscanthus 21 
  22 
 2 
 
Abstract 23 
A major question in plant biology concerns the specification and functional differentiation 24 
of cell types. This is in the context of constraints imposed by networks of cell walls that 25 
both adhere cells and contribute to the form and function of developing organs. Here, we 26 
report the identification of a glycan epitope that is specific to phloem sieve element cell 27 
walls in several systems. A monoclonal antibody, designated LM26, binds to the cell wall 28 
of phloem sieve elements in stems of Arabidopsis thaliana, Miscanthus x giganteus and 29 
notably sugar beet (Beta vulgaris) roots where phloem identification is an important 30 
factor for the study of phloem unloading of sucrose. Using microarrays of synthetic 31 
oligosaccharides, the LM26 epitope has been identified as a β-1,6-galactosyl 32 
substitution of β-1,4-galactan requiring more than three backbone residues for optimized 33 
recognition. This branched galactan structure has previously been identified in garlic 34 
bulbs in which the LM26 epitope is widespread throughout most cell walls including 35 
those of phloem cells. Garlic bulb cell wall material has been used to confirm the 36 
association of the LM26 epitope with cell wall pectic rhamnogalacturonan-I (RG-I) 37 
polysaccharides. In the phloem tissues of grass stems, the LM26 epitope has a 38 
complementary pattern to that of the LM5 linear β-1,4-galactan epitope which is detected 39 
only in companion cell walls. Mechanical probing of transverse sections of M. x 40 
giganteus stems and leaves by atomic force microscopy indicates that phloem sieve 41 
element cell walls have a lower indentation modulus (indicative of higher elasticity) than 42 
companion cell walls.  43 
 44 
Introduction 45 
The mechanistic basis of primary cell wall heterogeneity in the context of cell type 46 
differentiation and cell function is a poorly understood factor in plant development. Plant 47 
cell walls are cellulosic composites that underpin and control many aspects of plant cell 48 
and organ growth by virtue of the presence of adherent cell surfaces that ramify 49 
throughout developing and mature organs. In addition to cellulosic fibres that provide 50 
structural strength to cell walls, several sets of non-cellulosic matrix polysaccharides are 51 
present (Burton et al. 2010; Doblin et al. 2010). These are often structurally 52 
hypervariable and are important factors in cell wall biogenesis, cell extension and cell 53 
function. Not all cell surfaces are the same in terms of precise structures of individual 54 
polysaccharides, and cell wall glycan molecular configurations display developmental 55 
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dynamics and cell type specificities (Burton et al. 2010; Knox 2008; Lee et al. 2012; 56 
Torode et al. 2016).  57 
Cell wall matrix polysaccharides have been a focus for understanding cell wall 58 
heterogeneity and cell wall dynamics in relation to both growth and anatomical cell 59 
differentiation. Pectic polysaccharides are a major group of matrix polysaccharides, 60 
defined as galacturonic-acid-rich polymers, which comprise at least three major domains 61 
(Caffall and Mohnen 2009; Atmodjo et al. 2013). Homogalacturonan (HG) can be 62 
variably methyl-esterified and acetylated and these modifications influence its 63 
interactions and supramolecular properties (Wolf et al. 2009). Rhamnogalacturonan–II is 64 
a largely taxonomically conserved, structurally highly complex region of HG with short 65 
side chain substitutions that can dimerise and link HG chains through borate esters 66 
(Caffall and Mohnen 2009). Rhamnogalacturonan-I (RG-I) is a hypervariable pectic 67 
polysaccharide with a rhamnosyl and galacturonosyl backbone with substitution by a 68 
complex array of side chains in which 1,4-galactosyl and or 1,5-arabinosyl residues 69 
often predominate (Yapo 2011; Lee et al. 2013). RG-I polysaccharides are widely 70 
distributed and studies in relation to cell functions have focused on roles in generation of 71 
cell wall mechanical properties such as cell wall firmness and cell wall elasticity 72 
(McCartney et al. 2000; Lee et al. 2012). Non-cellulosic and non-pectic polysaccharides, 73 
often grouped as hemicelluloses, include xyloglucans, heteroxylans, heteromannan and 74 
mixed-linkage glucans and these also display structural variations and in some cases 75 
cell and tissue specificities in occurrence (Burton et al. 2010; Scheller and Ulvskov 76 
2010).  77 
Monoclonal antibodies (MAbs) are the most effective molecular tools to-date to 78 
explore and understand cell wall heterogeneity in cell and tissue contexts (Knox 2008; 79 
Pattathil et al. 2015; Torode et al. 2016). Pectic HG and pectic RG-I epitopes are widely 80 
distributed and have been related to cell dynamics influencing cell growth and cell 81 
adhesion (Knox 2008; Willats et al. 2001) but are rarely specific to cell types across a 82 
wide range of species. Similarly, glycan moieties of arabinogalactan-protein (AGP) 83 
proteoglycans are known to be hypervariable and AGP glycan epitopes have been 84 
documented to be intimately related to early developmental patterns including vascular 85 
differentiation (Knox et al. 1989: Showalter 2001) but precise association with cell types 86 
often varies between species and taxonomic groups (Casero et al. 1998; Knox 2006). 87 
Heteroxylan MAbs bind specifically to developing and mature xylem vessel elements 88 
and sclerenchyma fibre cells in eudicot systems by virtue of the presence of 89 
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heteroxylan-rich secondary cell walls (McCartney et al. 2005). No cell wall markers are 90 
known for phloem sieve elements that maintain only a primary cell wall with no extensive 91 
cell wall elaborations other than the elaboration of sieve plates and in some cases a 92 
thickening of primary cell walls relative to adjacent cells (Evert 2006; Mellendore et al. 93 
2010; Truernit 2014). Hence, the identification of phloem cells can be particularly 94 
challenging.  95 
Here we report the isolation of a MAb, LM26, which binds specifically to phloem 96 
sieve elements in several important systems including sugar beet storage roots, grass 97 
stems including the bioenergy crop Miscanthus x giganteus (hereafter Miscanthus) and 98 
Arabidopsis thaliana inflorescence stems. Use of microarrays populated with synthetic 99 
oligosaccharides has facilitated the identification of the glycan structure bound by LM26 100 
as a β-1,6-galactosyl substitution of 1,4-galactan. A wider abundance of the LM26 101 
epitope in garlic bulb cell walls has enabled chromatographic analyses of isolated 102 
polymers and confirmation of the association of the LM26 epitope with 1,4-galactan and 103 
RG-I glycans. Mechanical testing of the phloem tissue of Miscanthus in which phloem 104 
sieve elements are interspersed with companion cells is indicative of an increased 105 
relative elasticity of the phloem sieve element cell walls.  106 
 107 
Results 108 
 109 
Monoclonal antibody LM26 binds specifically to phloem sieve elements in a range 110 
of plant organs including sugar beet roots 111 
 112 
A wide-scale screen of MAbs secreted by cell lines derived subsequent to 113 
immunizations with a range of plant cell wall derived/related immunogens was 114 
undertaken to isolate antibodies with novel specificities. A cell line, arising from the 115 
immunization that led to the isolation of the pectic homogalacturonan MAb LM7 (Willats 116 
et al. 2001), was found to secrete a MAb with the capacity to bind to plant cell walls. In 117 
the case of transverse sections of Arabidopsis thaliana (eudicot, rosid, Brassicaceae) 118 
inflorescence stems its binding was specific to phloem sieve elements (Fig. 1). This 119 
antibody was designated LM26 and its specificity towards phloem sieve elements was 120 
found to occur in a wide range of plant species and organs encompassing tomato 121 
(eudicot, asterid, Solanaceae) petiole and grass stems including Miscanthus 122 
(commelinid monocotyledon, Poaceae) as shown in Fig. 1. In the case of transverse 123 
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sections of grass stems the LM26 epitope is detected at the surface of sieve elements in 124 
the phloem bundles and not the associated companion cells. During the characterization 125 
of LM26 binding to phloem sieve elements of grass stems it was noted that the 126 
companion cells were specifically labelled by a MAb to pectic 1,4-galactan (LM5) 127 
generating an immunolabelling pattern complementary to that of LM26 (Fig. 1). This 128 
complementary labelling pattern with LM26 and LM5 has not been observed to-date in 129 
species other than grasses. Equivalent specific recognition of sieve elements by LM26 130 
and companion cells by LM5 in phloem regions of maize stem is shown in Supplemental 131 
Data File S2. A notable feature of grass phloem tissue is the presence of only sieve 132 
elements and companion cells with no interspersed parenchyma cells that are abundant 133 
in eudicot phloem tissues.       134 
The LM26 epitope was also found to be specific to phloem sieve elements of 135 
sugar beet storage roots as seen in transverse sections shown in Fig. 2. Phloem 136 
abundance and sucrose unloading are crucial elements influencing the sucrose yield of 137 
sugar beet (Beta vulgaris subsp. vulgaris: eudicot, Caryophyllales, Amaranthaceae) 138 
explained by the sucrose-gradient hypothesis (Wyse 1979; Bell et al. 1996) and 139 
therefore in this system the identification and study of phloem cells has industrial 140 
importance. Sugar beet storage root growth involves the development of successive 141 
vascular cambia resulting in concentric rings of alternating phloem and xylem (Fig. 2). 142 
The analysis of sections of resin-embedded material confirmed the specific recognition 143 
of phloem sieve elements and not the adjacent companion cells with dense cytoplasm 144 
(Fig. 2). Immunogold labelling of the LM26 epitope in phloem sieve elements indicated 145 
its restriction to the inner third of cell walls adjacent to the plasma membrane (Fig. 2).  146 
In summary, the LM26 rat MAb binds specifically to the cell wall of phloem sieve 147 
elements in a range of organs across widely diverged taxonomic groups of vascular 148 
plants.  149 
 150 
LM26 binds to a β-1,6-galactosyl substitution of pectic β-1,4-galactan, a glycan 151 
motif of pectic rhamnogalacturonan-I 152 
 153 
To determine the structure recognized by LM26 the antibody was used to probe 154 
extensive sets of glycan microarrays with assembled sets of synthetic oligosaccharides 155 
relating to those found in plant cell wall glycans (Andersen et al. 2016a). The LM26 MAb 156 
was found to bind to three structurally related branched versions of oligo-β-1,4-157 
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galactosides. The most effective recognition was of 6”’-O-(β-Gal)-β-1,4-galactohexaose 158 
(oligo-12, Fig. 3) with much weaker recognition in the case of more extended 159 
substitution (oligo-10, Fig. 3) or a shorter backbone (oligo-5, Fig. 3). The binding of the 160 
1,4-galactan-specific MAb LM5 is shown for comparison and its recognition capabilities 161 
are restricted to the set of linear oligo-β-1,4-galactosides and not those with substitutions 162 
(Fig. 3), as recently reported (Andersen et al. 2016b), indicating the complementary 163 
recognition of branched and linear galactan chains by LM26 and LM5, respectively.   164 
β-1,4-galactan is a structural element found in the side chains of RG-I which in 165 
turn is a substructure of the complex multi-domain pectic polysaccharides that have 166 
abundant HG domains (Atmodjo et al. 2013). A β-1,6-galactosyl substitution of β-1,4-167 
galactan structures is rare in pectic side chains of RG-I (Arifkhodzhaev 2000; Ridley et 168 
al. 2001) but has been identified in extracts of garlic bulbs (Das and Das, 1977). 169 
Analysis of sections of garlic bulb indicated that the LM26 epitope occurred in most cell 170 
walls (Supplemental Data File S1). As the LM26 epitope could not be extracted in a 171 
sufficient relative abundance for analyses from sugar beet roots, the abundant source of 172 
the LM26 epitope in garlic bulbs enabled additional analyses to confirm the association 173 
of the LM26 epitope with pectic glycans. The LM26 and the LM5 epitopes were found to 174 
be abundant in all fractions of an alcohol-insoluble residue (AIR) of garlic bulbs 175 
solubilized by extractants of increasing stringency. This indicates that the branched and 176 
linear galactan motifs are linked into the cell wall architecture by a range of mechanisms. 177 
Particular abundance of both galactan epitopes (LM5 and LM26) was observed in a 178 
LiCl/N,N-dimethylacetamide (DMA) extraction of AIR (Fig. 4) - a post-alkali extraction 179 
step aimed at extraction of polymers most-tightly associated with cellulose microfibrils 180 
(Gurjanov et al., 2008). The first, water-soluble, isolate of the AIR had the highest 181 
relative enrichment of the LM26 epitope and this was used to explore the biochemical 182 
context of the epitope. LM26 was used as a detection tool (alongside other pectic 183 
oligosaccharide-directed probes including LM5) for polymers separated using microscale 184 
anion-exchange chromatography (a technique termed epitope detection chromatography 185 
(EDC; Cornuault et al. 2014)). Fractions were eluted from the anion-exchange column 186 
with a stepped gradient of salt elution producing coinciding peaks for LM26, LM5 and the 187 
JIM7 epitope (Fig. 4). The MAb JIM7 binds to methyl-esterified HG (Clausen et al. 188 
2004). The MAb LM19 binds to unesterified HG and its epitope elutes only at the highest 189 
salt concentration indicating a distinct subset of un-esterified HG (Fig. 4). A pre-190 
chromatography alkali treatment to remove methyl esters from HG led to loss of the 191 
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JIM7 epitope and an increase in signals coincident with the un-esterified HG peak. In all 192 
cases the LM26 detection traces were highly similar to those of LM5 and both showed a 193 
shift to later elution after the de-esterification treatment. In this analysis some LM26/LM5 194 
epitopes did not co-elute with the LM19 HG epitope after de-esterification (Fig. 4) 195 
suggesting that not all RG-I domains are attached to abundant HG domains.  196 
In summary, the LM26 MAb binds to a β-galactosyl substitution of 1,4-galactan 197 
associated with pectic RG-I. In the case of garlic bulb cell walls the LM5 and LM26 198 
epitopes are both widely distributed in cell walls fractions with a significant proportion 199 
tightly associated with cellulose microfibrils. 200 
  201 
Nano-mechanical testing of phloem tissues in Miscanthus in relation to the 202 
complementary patterning of LM5 linear and LM26 branched galactan epitopes 203 
 204 
Complementary patterning of the LM5 linear galactan and LM26 branched galactan 205 
epitopes between companion cell walls and sieve element cell walls respectively is a 206 
feature of Miscanthus stem phloem tissues (Fig. 1). Immunogold analyses indicated that 207 
detection of the LM26 and LM5 epitopes was restricted to inner cell wall regions in this 208 
tissue and in the case of the LM26 epitope it appeared to be restricted to a region very 209 
close to the plasma membrane (Fig. 5). To further explore the functional role of 210 
branched and linear galactan sidechains of RG-I within cell walls, transverse sections of 211 
Miscanthus stems were subjected to mechanical testing using atomic force microscopy 212 
(AFM). As vascular tissues are internal plant organs, this required nano-indentation 213 
experiments to be performed on sectioned material. This approach has been 214 
successfully applied to sections of brain and insect wing (Christ et al. 2010; Sun et al. 215 
2006).  216 
Mapping of the elastic indentation modulus (IM; Cosgrove 2016) across vascular 217 
bundles (100 µm2, 2562 indentations; 390 nm resolution) revealed that the cell walls of 218 
the phloem are more elastic than both the surrounding sclerenchyma cells and xylem 219 
vessels (Fig. 6; lower IM equates to more elastic behaviour). In order to distinguish 220 
between sieve elements and companion cells within the phloem tissue, higher resolution 221 
scans of phloem regions were performed (50 µm2, 2562 indentations; 195 nm 222 
resolution). Nano-mechanical mapping at this resolution indicated that the sieve element 223 
cell walls had lower IM (were more elastic) than neighbouring companion cell walls. 224 
Utilising even higher resolution maps (10 µm2, 2562 indentations; 39 nm resolution) it 225 
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was observed that sieve element cell walls displayed a spatial patterning of IM across 226 
the cell wall, with inner cell wall regions closest to the plasma membrane being the most 227 
elastic (Fig. 6). A transect across two adjacent sieve element cell walls indicated a clear 228 
reduction in IM towards the inner cell wall region and particularly in the region closest to 229 
the plasma membrane (Fig. 6I).  230 
As these studies were on fixed, wax-embedded stem materials it was important to 231 
look at the equivalent mechanical features of native cell walls. Unfixed Miscanthus stem 232 
material did not survive cryo-sectioning, however the surrounding sheath of leaves 233 
survived intact. Analysis of leaf phloem regions further confirmed the complementary 234 
patterning of the LM26 and LM5 epitopes but in this case there was a declining gradient 235 
of LM26 epitope detection from the ventral towards the dorsal side of leaves (Fig. 7A). 236 
This was less pronounced for the LM5 epitope. Analysis of sieve elements and 237 
companion cell wall IM across the ventral-dorsal axis of the phloem region also showed 238 
a gradient with reduced IM for both cell types towards the dorsal surface (Fig 7B, 239 
representative data of one phloem region). However, sieve elements consistently had a 240 
lower IM than neighbouring companion cells, supporting the observations made on fixed 241 
stem phloem (Fig. 6). Two-way ANOVA of the cell-specific IM across the ventral-dorsal 242 
axis of 5 phloem regions showed there was a large significant difference between cell 243 
types (p = <0.005) and across the dorsal-ventral axis (p = <0.05; Fig 7C). 244 
 In summary, in the phloem tissue of Miscanthus the presence of branched motifs 245 
of galactan are concurrent with a lower IM (more elastic cell wall) relative to cell walls in 246 
which the linear galactan is predominant. 247 
 248 
Discussion 249 
Synthetic glycan arrays as a discovery platform 250 
Carbohydrate microarrays constitute a powerful technology for the rapid screening of 251 
glycan-protein interactions (Fangel et al. 2012; Ruprecht et al. 2017). Microarray slides 252 
can be populated with polysaccharides, e.g. AIR extracts from different plant materials, 253 
with more defined oligosaccharides from partial degradation/extraction, or with 254 
chemically synthesised glycans. Such arrays provide a platform for studying plant cell 255 
wall polysaccharides with molecular probes such as MAbs (Pedersen et al. 2012) and 256 
for identifying enzymatic activity (Vidal Melgosa et al. 2015). Well-defined, single 257 
compound oligosaccharides provide the highest resolution possible when characterising 258 
protein-carbohydrate interactions, provided that the binding interactions are sufficiently 259 
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strong to be detected. This is especially true when a range of structurally related but 260 
distinct glycans are available (for examples, see Clausen et al. 2003; Andersen et al. 261 
2016a and 2016b; Schmidt et al. 2015). In the case of LM26 discussed here, it would 262 
have been close to impossible to identify the epitope without access to the appropriate 263 
and defined linear and branched galactans.  264 
Plant cell identity and cell surface molecules 265 
The work of Berger et al. (1994) indicated that stimuli to guide cell identity can reside in 266 
cell walls – although the cell wall molecules responsible, in this case from Fucus, are not 267 
known. There are two major strands of observations that have revealed patterns of cell 268 
wall molecules reflecting plant cell types. The first of these is the cell type-specific 269 
functional differentiation of cell walls requiring particular glycan components or 270 
configurations of cell wall glycans. This is exemplified by the thickened secondary cell 271 
walls of xylem vessel elements containing abundant heteroxylan which, in eudicots, is 272 
present at low levels or absent in primary cell walls of adjacent cells. MAbs directed to 273 
heteroxylan are therefore excellent markers of xylem vessel elements in anatomical 274 
sections in these systems (McCartney et al. 2005). AGPs and related hydroxyproline-275 
rich glycoproteins display considerable heterogeneity in glycan structures, and glycan 276 
epitopes have been related to vascular cell identity in developing organs (Casero et al. 277 
1998; Knox et al. 1989; Smallwood et al. 1994). Indeed, the JIM13 AGP epitope is 278 
phloem-specific in maize and onion roots (Casero et al. 1998; Knox 2006) but epitopes 279 
such as this appear to be a marker of cell divergence and specification events and not 280 
phloem function per se as the same glycan epitope is a marker of xylem in developing 281 
roots of Arabidopsis and other eudicot species (Dolan et al. 1995; Casero et al. 1998). 282 
There are clear taxonomic variations in the cell type associations in these classes of 283 
glycoprotein epitopes (Casero et al. 1998) and the roles of AGPs/extensins in specifying 284 
cell types, if any, are not clear.  285 
The LM26 MAb directed to branched galactan can now contribute to a toolkit of 286 
cell wall markers that will facilitate the study of vascular development across a range of 287 
angiosperms. The studies could range from analysis of individual cell lineages, to 288 
qualitative or quantitative measures of cell wall dynamics during development or cell 289 
variation across genetic populations. In the case of sugar beet, the LM26 MAb has the 290 
capacity to indicate the phloem cells within the complex system of supernumerary or 291 
successive cambia development, and also the potential to link that development with 292 
sucrose yield in a commercial crop. The significance of the varying patterns of the 293 
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detection of the LM26 epitope between systems ranging from restriction to phloem sieve 294 
element cell walls to its detection in all cell walls in a tissue as seen for garlic bulb (Fig. 295 
S1) is not clear at this stage but further demonstrates the heterogeneity of plant cell 296 
walls. 297 
 298 
Functional role of the modulation of 1,4-galactan RG-I structure in plant cell walls.  299 
It is of considerable interest that a branching motif of 1,4-galactan, a component of RG-I, 300 
has been identified in sieve elements. The role of RG-I glycans in cell walls is far from 301 
clear but much evidence has accumulated relating these hypervariable domains of the 302 
pectic polysaccharides with generation of cell wall mechanical properties. 1,4-Galactan-303 
rich domains can be associated with increased firmness of cell walls (McCartney et al. 304 
2000), are not detected where extensive elastic properties may be required (Lee et al. 305 
2012) and are often degraded during fruit softening processes (Brummell 2005). 306 
However, the micro-mechanical basis of galactan-rich RG-I contributions to cell wall 307 
firmness are not known. It has recently been determined that the LM5 epitope 308 
encompasses terminal galactosyl residues at the non-reducing end of 1,4-galactan 309 
(Andersen et al. 2016b) and this epitope has been specifically located at inner cell wall 310 
regions adjacent to plasma membranes (McCartney et al. 2000; Lee et al. 2013) a 311 
location observed for the LM26 branched galactan epitope (Figs. 2 and 5).  312 
The substitution identified here (branching, possibly at non-reducing termini) may 313 
contribute to the modification of 1,4-galactan to enhance the elastic properties required 314 
for cell walls under pressure (Van Bel 2003). It is of interest that the branched 1,4-315 
galactan epitope in grass sieve element cell walls is associated with the lack of detection 316 
of the linear LM5 1,4-galactan epitope that is only readily detected in cell walls of the 317 
closely associated companion cells. This suggests that cell specific modification of the 318 
termini of galactosyl side chains of RG-I in response to mechanical requirements or 319 
elevated turgor pressures may be a key factor in the hyper-variability of RG-I glycans in 320 
cell walls. The micromechanical testing of Miscanthus phloem tissues by AFM support 321 
this in that it indicates that sieve element cell walls are more elastic than companion cell 322 
walls and also that it is the inner cell wall regions that are most elastic (Fig. 6). Structural 323 
modifications to RG-I side chains are likely to influence their capacity to cross-link to 324 
other cell wall components (Zykwinska et al. 2007) and in this instance to modulate the 325 
mechanical forces across the phloem tissue required for optimum phloem tissue 326 
function. Interestingly, primary cell walls with elevated tensile mechanical properties 327 
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such as phloem fibres and tension wood are reported to contain highly-branched 328 
galactan side chains of RG-I in tight association with cellulose (Roach et al, 2011; 329 
Gorshkova et al, 2015). This is in agreement with our observations. 330 
Specific modulation of galactan with regard to phloem function 331 
The discovery of a cell wall glycan epitope specific to sieve elements in a range of 332 
systems is intriguing. The proposed mass flow of nutrients and photosynthate through 333 
phloem sieve elements requires the generation of considerable turgor pressure which is 334 
presumably greater than that of surrounding cells (De Schepper et al. 2013; Heo et al. 335 
2014; Knoblauch and Oparka 2012; Van Bel 2003). Phloem sieve element cell walls are 336 
often thickened compared to adjacent cells but not to the extent of secondary cell walls 337 
of xylem vessel elements. The phloem cells of grass species are not interspersed with 338 
parenchyma cells as in most eudicot phloem tissues and the complementary galactan 339 
epitope patterning may reflect a need to maintain elastic properties in a tissue with a 340 
high density of sieve elements. We propose that the galactan branching motif is a 341 
modulation that enhances cell wall elasticity relative to linear galactan. The gradients of 342 
both galactan detection and IM values detected across leaf phloem regions may reflect 343 
an increase in IM across the phloem tissue during maturation (Fig. 7). This is further 344 
suggestive of a link between cell-based modulations of pectic galactan to ensure 345 
appropriate mechanical properties for phloem content flow as discussed above. Other 346 
aspects of cell wall glycan heterogeneity, influencing both cell wall mechanical 347 
properties and/or the detection of epitopes in in situ analyses, may also be relevant in 348 
this context. 349 
 An hypothesis for function of the radial heterogeneity of cell wall mechanical properties 350 
within SEs (Fig 6) is that the more elastic inner cell wall might facilitate the optimisation 351 
of cytoplasmic diameter via dilation/contraction of the cell wall in response to altered 352 
turgor pressure. The radial distribution of elastic properties may buffer immediate 353 
changes in turgor such as diurnal rhythms of phloem and xylem pressure resulting in 354 
reversible swelling of sieve tube cell walls (Pfautsch, 2015; Knoblauch et al, 2016).  355 
In muro testing of cell wall nano-mechanics of non-dermal cells 356 
AFM-based techniques in plant biology have allowed the direct testing of cell wall 357 
mechanics on a sub-muro, cellular and tissue level (Cosgrove 2016; Bidhendi and 358 
Geitmann 2016; Carter et al, 2017). Technically, to-date, analyses of developing plant 359 
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systems have been limited to readily accessible unadhered cells and surface cell walls 360 
of epidermal tissues, with internal tissue mechanics only being inferred by large sale 361 
indentations through multiple cell layers (Peaucelle et al., 2011). Analysis of sectioned 362 
plant materials such as wood is carried out routinely (Gindl and Schöberl 2004; de Borst 363 
et al. 2012; Farahi et al. 2017). Here we highlight the potential to investigate internal 364 
primary cell wall mechanics via use of sectioned plant materials - both fixed/embedded 365 
and unfixed/cryo-sectioned - and moreover the mechanics of adhered cell walls of 366 
divergent cell types. This approach allows combined biochemical (here via use of MAbs) 367 
and biomechanical analysis of cell walls in non-dermal tissues. 368 
Experimental 369 
Monoclonal antibodies 370 
The LM26 rat hybridoma cell line was isolated from a screen of cell lines derived 371 
subsequent to immunizations that led to the isolation of the pectic homogalacturonan 372 
MAb LM7 (Willats et al. 2001). It was cloned by standard limiting dilution procedures as 373 
described (Willats et al. 2001). The isotype of LM26 is rat IgG1. LM26 was used in the 374 
form of un-purified hybridoma cell culture supernatant for all analyses except for 375 
immunogold TEM. Other MAbs used in this study include LM5 to pectic 1,4-galactan 376 
(Jones et al. 1997; Andersen et al. 2016b) and also JIM7 (Clausen et al. 2004) and 377 
LM19 (Verhertbruggen et al. 2009) to pectic homogalacturonan; and xyloglucan MAb 378 
LM25 (Pedersen et al., 2012). 379 
Preparation of plant materials for indirect immunocytochemistry and AFM 380 
Plant materials were collected locally and prepared for anatomical investigation using 381 
wax-embedding (McCartney et al. 2005; Xue et al. 2013) or resin-embedding (Lee et al. 382 
2012) procedures. Cryo-sectioned samples of Miscanthus leaves (from around the 383 
second internode) were prepared via embedding tissue in Optimal cutting temperature 384 
compound (OCT compound, VWR), and processed into 10 µm sections using a cryostat-385 
microtome (Leica), and stored at -80°C until use. For light microscopy, sugar beet plants 386 
were collected at the 8 leaf stage (20oC, 16 h light: 8 h dark) samples were taken from 387 
20 mm below the widest diameter of the storage root. Indirect fluorescence 388 
immunolabeling procedures were carried out as described (Lee et al. 2012; Xue et al. 389 
2013).  390 
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For electron microscopy, sugar beet plants were grown to the four leaf stage (3 weeks 391 
after emergence) in a glasshouse (22°C with natural lighting). The storage root region 392 
was sampled from 5 mm below the junction of the hypocotyl and the shoot 393 
base. Miscanthus stem samples were taken from the centre of the second internode 394 
(Xue et al. 2013). All samples were fixed by high pressure freezing using a Leica 395 
Microsystems EM HPM100 and stored in liquid nitrogen before freeze substitution using 396 
dry ethanol in a Leica Microsystems EM AFS. Following freeze substitution, samples 397 
were stored at -20°C for 24 h, then 4°C until resin infiltration. Samples were infiltrated 398 
with a dry ethanol: LR White resin series and polymerised under nitrogen at 60°C (for 399 
sugar beet) or infiltrated with a dry ethanol:Spurr resin and polymerised at 60°C 400 
(Miscanthus – which also had a pre-freeze substitution osmium tetroxide treatment). 401 
MAb hybridoma supernatants were concentrated 10-fold by freeze-drying, enriched for 402 
immunoglobulin using the Melon™ Gel IgG Spin purification kit (Thermo-Scientific), 403 
followed by concentration (to approximately 12-fold original) and buffer exchange into 404 
PBS using the Vivaspin 2 concentrator (GE Healthcare) as per the manufacturer 405 
instructions. 70 nm ultrathin sections were cut using a Leica Microsystems UC7 ultra-406 
microtome and collected on nickel grids coated with Formvar and carbon. After blocking, 407 
(30 min with 1% (w/v) BSA in PBS-Tween (BSA-PBS)) grids were incubated with the 408 
purified LM26 for 1 h at 37oC and then washed (3 x 5 min) with PBS-Tween then 409 
blocked again for 30 min before incubation for 1 h at 37oC with the secondary antibody 410 
(goat-anti-rat IgG conjugated to 10 nm gold particles) diluted 1:10 in BSA-PBS. Sections 411 
were washed 3 times with PBS-Tween and twice with dH2O for 5 min per wash before 412 
staining. Sections were post-stained with uranyl acetate (15 min) and lead citrate (2 413 
min). Micrographs were obtained using a JEOL 2011 transmission electron microscope 414 
at 200kV and a Gatan Ultrascan CCD camera. Several sections from three individual 415 
plants were assessed for gold labelling. 416 
Synthetic glycan/galactan microarrays 417 
The chemical synthesis of glycans 1-12 (Fig. 3) has been described previously 418 
(Pedersen et al. 2012; Andersen et al. 2016a). Carbohydrate microarray screening was 419 
performed as described previously (Andersen et al. 2016a, Andersen et al. 2016b). 420 
Briefly, de-protected oligosaccharides were functionalized with a hetero-bi-functional 421 
linker 2-(N-methylaminooxy)-1-ethanamine, purified from the excess linker and printed 422 
onto NHS-activated Slide-H microarrays from Schott (Mainz, Germany) using the 423 
ArrayJet Sprint microarray printer (ArrayJet, Roslin, UK). After blocking the microarrays 424 
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with 50 mM ethanolamine in a 50 mM sodium phosphate buffer pH 9.2, the slides were 425 
stained with the antibodies LM5 or LM26 at a 1:100 dilution of hybridoma supernatants 426 
in phosphate buffered-saline (PBS) for 2 h. The binding of rat MAbs was detected by 427 
AlexaFluor 488 goat anti-rat IgG antibody from ThermoFisher Scientific (Waltham, USA) 428 
at a 1:500 dilution in PBS for 2 h. The microarrays were scanned using a GenePix 429 
4400A microarray scanner and the images were quantified using Array-Pro Analyzer 6.3 430 
from Media Cybernetics (Rockville, USA). 431 
Extraction of cell wall glycans from garlic bulbs and analysis by ELISA and epitope 432 
detection chromatography (EDC)  433 
Garlic bulb cell walls (25 g) were prepared by chopping a garlic bulb into small pieces 434 
which were then frozen and freeze-dried. This material was then blended, and converted 435 
into an Alcohol Insoluble Residue (AIR) (Torode et al., 2015) via successive washes with 436 
80%, 90% and 100% (v/v) ethanol, acetone and finally methanol:chloroform (2:3 v/v) 437 
and left to dry overnight. AIR (2 g) was extracted sequentially with deionised water, 50 438 
mM CDTA (1,2-cyclohexanediamine tetraacetic acid) and 4 M KOH. Residue remaining 439 
after the KOH extract was further extracted to solubilise polysaccharides more tightly 440 
associated with cellulose (Gurjanov et al., 2008) as follows: the residue was rinsed in 441 
deionised water, acetone, air-dried and dissolved in 8% (w/v) LiCl in N,N-442 
dimethylacetamide (DMA), then precipitated by drop-wise addition to water, centrifuged 443 
(5 min, 3220 rcf), and the pellet re-suspended in water, dialysed (14 KDa cut-off) and 444 
freeze-dried. Water, CDTA and KOH supernatants were similarly dialysed (KOH extracts 445 
being neutralised with glacial acetic acid first) and freeze-dried. All fractions were used 446 
at 50 µg/ml to coat microtitre plates and ELISAs were performed as described 447 
(Cornuault et al. 2014). EDC analyses followed the procedures as described (Cornuault 448 
et al. 2014). To prepare a water extract for EDC freeze-dried garlic bulb material was 449 
ground to a powder using a TissueLyser (Qiagen, http://www.qiagen.com) for 10 min at 450 
50 oscillations s-1 and the powder stored at -20˚C until use. The powder (15 mg) was 451 
used to produce AIR which was air-dried overnight. AIR (8 mg) was placed into 452 
Eppendorf tubes with two ball bearings and ground using the TissueLyser for 2 min at 50 453 
oscillations s-1 followed by 2 ml of water in the TissueLyser for 20 min at the same 454 
speed. 12 µl aliquots of this water extract (diluted in 2.5 ml of 20 mM sodium acetate 455 
buffer, pH 4.5) was injected into an anion-exchange column (1 ml Hi-Trap ANX FF, GE 456 
Healthcare) using a Bio-Rad BioLogic LP system. A step elution gradient was used as 457 
follows: 20 mM sodium acetate buffer, pH 4.5 at a flow rate of 1 ml/min from 0-20 min 458 
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with a step change to 20% 0.6 M NaCl at 20 min. Followed by step increases of 0.6 M 459 
NaCl at 30 min to 20%, 40 min to 30%, 50 min to 40% and 60 min to 100%. Ninety-six 1 460 
ml fractions were collected. The collected fractions were adjusted to pH 7 by adding 50 461 
µl of 1 M Na2CO3 before 100 µl of each fraction were incubated overnight at 4˚C in 462 
microtitre plates for detection with MAbs using ELISA. In some cases the aliquots of 463 
water extract were mixed with an equal volume of 0.1 M sodium carbonate and left at 464 
room temperature for 3 h prior to analysis.  465 
Atomic Force Microscopy analysis of Miscanthus stems and leaves 466 
Transverse sections of Miscanthus organs (fixed and wax-sectioned stems or un-fixed 467 
and cryo-sectioned leaves) were prepared as above. Sections were probed in a 468 
hydrated state (deionised water) on glass slides using a 10 nm diameter paraboloid tip 469 
attached to a cantilever (PPP-NCL, Windsor scientific, UK). The cantilever stiffness was 470 
calibrated using thermal resonance as 55.32 N/m. Experiments were performed on a 471 
Nano Wizard 3 AFM (JPK Instruments AG, Berlin), running JPK control software 472 
(version 5.0.73). Experimental data was acquired from 5 phloem regions of different 473 
sections, with a minimum of 5 companion and sieve element cells analysed per region. 474 
Due to the inconsistent topographical height of sections, artefacts were generated in 475 
some instances in the cell lumen likely due to contact geometry deviating from the 476 
assumed parabolic shape. In order to limit our analysis to the cell wall regions alone, 477 
data was first plotted and selected based upon the height – which distinguished cell wall 478 
material and non-cell wall material (Fig. 6). Furthermore, residual root-mean-square 479 
error was used to filter aberrant elastic moduli curves. Indentation moduli (after 480 
Cosgrove, 2016) were calculated using JPK Data Processing (version 5.0.69, JPK 481 
Instruments AG, Berlin). Force-indentation curves were produced by background 482 
subtraction, set-point height, contact point and, tip-sample separation calculations. A 483 
Hertz-Sneddon model was then fit to each approach curve and an indentation modulus 484 
(aka. Apparent Young’s Modulus or Young’s Modulus (E)) was calculated as described 485 
(Braybrook 2016). 486 
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Figure legends 666 
 667 
Figure 1. Indirect immunofluorescence analysis of MAb LM26 binding to transverse 668 
sections of Arabidopsis thaliana inflorescence stem, tomato leaf petiole and Miscanthus 669 
x giganteus stem. In these organs the LM26 epitope is specific to phloem sieve 670 
elements. In the case of A. thaliana and M. x. giganteus stems immunolabelling by LM5 671 
is shown for comparative purposes. CW = blue fluorescence from Calcofluor White 672 
staining of all cells. BF = bright field.  Double magnification image insert in M. x 673 
giganteus LM26 / BF panel to show absence of LM26 epitope in companion cells. p = 674 
phloem, ep = external phloem, ip = internal phloem, se = sieve element, cc = phloem 675 
companion cells, x = xylem vessel element. Bars = 100 µm unless indicated otherwise. 676 
Double-ended arrows linking micrographs indicate same or equivalent sections.  677 
 678 
Figure 2. Indirect in situ analyses of MAb LM26 binding to transverse sections of sugar 679 
beet storage root. A) Immunofluorescence (green FITC) of LM26 binding to isolated cells 680 
in a resin-embedded section and B) Same section as A with combined bright 681 
field/fluorescence. Arrows indicate phloem sieve elements bound by LM26 and pale 682 
yellow double-arrow-heads indicate associated companion cells with high cytoplasmic 683 
content. Bars = 20 µm. C) Combined image of LM26 fluorescence binding to phloem 684 
cells with bands of xylem (x) cells stained blue with Calcofluor White. Successive 685 
cambia of sugar beet storage roots produce alternating xylem and phloem tissues. Bar = 686 
400 µm. D) Transmission electron microscopy and immunogold labelling of LM26 687 
binding to an inter-cambial region. Gold particles are restricted to the inner cell wall 688 
regions (marked with asterisks) of phloem sieve elements (se). The LM26 epitope is not 689 
present in the middle lamella or cell walls of neighbouring companion cells (cc) as 690 
marked by dashes. Bar = 1.0 µm. 691 
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 692 
Figure 3. Glycan microarray analysis of the binding of MAbs LM5 and LM26 to 12 693 
synthetic 1,4-galacto-oligosaccharides. Values shown are the % of the maximal 694 
detectable signal. Structures of the three branched oligosaccharides bound by LM26 are 695 
shown and the proposed LM26 epitope is marked by the shaded ellipse over 696 
oligosaccharide-12. LM5 binds to linear 1,4-galacto-oligosaccharides (Andersen et al. 697 
2016b).   698 
 699 
Figure 4. Analysis of the LM26 epitope solubilized from garlic bulb cell walls. A) ELISA of 700 
the LM26 epitope in sequential extractions of increasing stringency of a preparation of 701 
garlic bulb cell walls. Comparative data with LM19 HG, LM5 linear galactan and LM25 702 
xyloglucan epitopes. The LM26 epitope was more abundant in the water-soluble fraction 703 
relative to the LM19 and LM5 epitopes. Error bars indicate SD of 4 technical replicates. 704 
Data representative of 2 biological replicates. B) Epitope detection of anion-exchange 705 
chromatography fractions of water-soluble material from garlic bulb AIR using LM26 and 706 
LM5 along with pectic HG probes (JIM7, methyl-esterified HG and LM19 unesterified 707 
HG). The stepped salt elution gradient used for the analysis is shown as dashed line on 708 
the top chromatographic traces. Traces shown are means of three chromatographic 709 
runs. In some cases samples were pre-treated with sodium carbonate (SC) to de-710 
esterify HG components prior to chromatographic analyses. The LM26 epitope profile is 711 
closely aligned to that of the LM5 epitope and indicates its presence on RG-I molecules 712 
some of which are HG associated.   713 
 714 
Figure 5. Transmission electron microscopy and immunogold labelling of MAbs LM26 715 
and LM5 binding to phloem regions of transverse sections of Miscanthus stem. Gold 716 
particles are restricted to the inner cell wall regions (marked with arrows) of phloem 717 
sieve elements (se) for LM26 and companion cells (cc) for LM5. is = intercellular space. 718 
Bars = 200 nm. 719 
Figure 6. AFM analysis of fixed Miscanthus stem sections. Rows represent analysis at 720 
the tissue (A-C), cell (D-F), and sub-muro (G-I) levels. The left-hand column (A,D,G) are 721 
set-point height maps of the sections, the middle column (B,E,H) are corresponding 722 
maps of indentation modulus, and the right column (C,F,I) are quantitative data extracted 723 
from multiple AFM experiments. C) Indentation moduli of specific cell types. F) 724 
Indentation moduli of companion cell and sieve element cell walls. *** = p value of 725 
 23 
 
>0.001 for Wilcoxon statistical analysis. I) Transect across two adjacent sieve element 726 
cell walls (equivalent to double white lines in G/H) showing height (purple), IM (grey). 727 
Arrow heads indicate inner cell wall regions of phloem sieve element cell walls with 728 
lower indentation moduli. P = phloem, X = xylem, S = sclerenchyma, SE = sieve 729 
element, CC = companion cell. Scale bars as shown. Error bars = +/-standard error 730 
Figure 7.  Immunofluorescence and AFM analysis of unfixed, cryo-sectioned Miscanthus 731 
leaf phloem. A. Indirect immunofluorescence analysis of MAbs LM26 and LM5 binding to 732 
equivalent transverse sections of phloem regions with orientation of ventral (V) and 733 
dorsal (D) leaf surfaces. Equivalent bright field (BF) and no primary MAb control 734 
micrographs are also shown. Horizontal dashed white lines in the BF micrograph 735 
enclose the region analysed by AFM. Bar = 20 µm. B. AFM analysis of indentation 736 
moduli across phloem regions scanned from V to D as shown in A. Representative data 737 
from three scans across an individual phloem region are shown and indicate IM data for 738 
sieve element and companion cell walls. For each set of assessments sieve element 739 
walls (light grey) had lower IM than associated companion cell walls (dark grey). C. 740 
Histogram shows AFM IM data from five phloem regions (separated into ventral, middle 741 
(M) and dorsal regions). Two-way ANOVA analysis revealed that IM is significantly 742 
different between cell-types (p = <0.005) and across the ventral-dorsal axis (p = <0.05). 743 
Error bars = standard error. 744 
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Figure 1. Indirect immunofluorescence analysis of MAb LM26 binding to 
transverse sections of Arabidopsis thaliana inflorescence stem, tomato leaf 
petiole and Miscanthus x giganteus stem. In these organs the LM26 epitope is 
specific to phloem sieve elements. In the case of A. thaliana and M. x. 
giganteus stems immunolabelling by LM5 is shown for comparative purposes. 
CW = blue fluorescence from Calcofluor White staining of all cells. BF = bright 
field.  Double magnification image insert in M. x giganteus LM26 / BF panel to 
show absence of LM26 epitope in companion cells. p = phloem, ep = external 
phloem, ip = internal phloem, se = sieve element, cc = phloem companion cells, 
x = xylem vessel element. Bars = 100 µm unless indicated otherwise. Double-
ended arrows linking micrographs indicate same or equivalent sections. 
Miscanthus stem
10 µm
BA
x
p
C
Figure 2. Indirect in situ analyses of MAb LM26 binding to transverse sections of 
sugar beet storage root. A) Immunofluorescence (green FITC) of LM26 binding to 
isolated cells in a resin-embedded section and B) Same section as A with 
combined bright field/fluorescence. Arrows indicate phloem sieve elements bound 
by LM26 and pale yellow double-arrow-heads indicate associated companion cells 
with high cytoplasmic content. Bars = 20 µm. C) Combined image of LM26 
fluorescence binding to phloem cells with bands of xylem (x) cells stained blue 
with Calcofluor White. Successive cambia of sugar beet storage roots produce 
alternating xylem and phloem tissues. Bar = 400 µm. D) Transmission electron 
microscopy and immunogold labelling of LM26 binding to an inter-cambial region. 
Gold particles are restricted to the inner cell wall regions (marked with asterisks) 
of phloem sieve elements (se). The LM26 epitope is not present in the middle 
lamella or cell walls of neighbouring companion cells (cc) as marked by dashes. 
Bar = 1.0 µm.
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Compound 1 2 3 4 5 6 7 8 9 10 11 12
Type
LM26 0 0 0 0 21 0 0 0 0 18 0 100
LM5 100 81 51 0 0 0 0 0 0 0 0 0
linear oligos branched oligos
1 β-1,4 galactotriose
2 β-1,4 galactopentaose
3 β-1,4 galactoheptaose
4 α-1,4 Araf-β-1,4 galactohexaose
5 6'-O-(β-1,6 Gal)-β-1,4 galactotriose
6 6'-O-(α-1,6 Gal)-β-1,4 galactotriose
7 4'-O-(α-1,4 Gal)-6'-O-(α-1,6 Gal)-β-1,4 galactobiose
8 6'''-O-(α-1,6 Araf)-β-1,4 galactohexaose
9 6'''-O-(α-1,5 Araf-α-1,6 Araf)-β-1,4 galactohexaose
10 6'''-O-(β-1,6 Gal-β-1,6 Gal)-β-1,4 galactohexaose
11 6'''-O-(β-1,4 Gal-β-1,6 Gal)-β-1,4 galactohexaose
12 6'''-O-(β-1,6 Gal)-β-1,4 galactohexaose
10 512
Figure 3. Glycan microarray analysis of the binding of MAbs LM5 and LM26 to 
12 synthetic 1,4-galacto-oligosaccharides. Values shown are the % of the 
maximal detectable signal. Structures of the three branched oligosaccharides 
bound by LM26 are shown and the proposed LM26 epitope is marked by the 
shaded ellipse over oligosaccharide-12. LM5 binds to linear 1,4-galacto-
oligosaccharides (Andersen et al. 2016b).  
Figure 4. Analysis of the LM26 epitope solubilized from garlic bulb cell walls. A) ELISA of 
the LM26 epitope in sequential extractions of increasing stringency of a preparation of garlic 
bulb cell walls. Comparative data with LM19 HG, LM5 linear galactan and LM25 xyloglucan 
epitopes. The LM26 epitope was more abundant in the water-soluble fraction relative to the 
LM19 and LM5 epitopes. Error bars indicate SD of 4 technical replicates. Data 
representative of 2 biological replicates. B) Epitope detection of anion-exchange 
chromatography fractions of water-soluble material from garlic bulb AIR using LM26 and 
LM5 along with pectic HG probes (JIM7, methyl-esterified HG and LM19 unesterified HG). 
The stepped salt elution gradient used for the analysis is shown as dashed line on the top 
chromatographic traces. Traces shown are means of three chromatographic runs. In some 
cases samples were pre-treated with sodium carbonate (SC) to de-esterify HG components 
prior to chromatographic analyses. The LM26 epitope profile is closely aligned to that of the 
LM5 epitope and indicates its presence on RG-I molecules some of which are HG 
associated.  
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Figure 5. Transmission electron microscopy and immunogold labelling of MAbs 
LM26 and LM5 binding to phloem regions of transverse sections of Miscanthus 
stem. Gold particles are restricted to the inner cell wall regions (marked with arrows) 
of phloem sieve elements (se) for LM26 and companion cell (cc) for LM5. is = 
intercellular space. Bars = 200 nm.
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Figure 6. AFM analysis of fixed Miscanthus stem sections. Rows represent analysis at the 
tissue (A-C), cell (D-F), and sub-muro (G-I) levels. The left-hand column (A,D,G) are set-
point height maps of the sections, the middle column (B,E,H) are corresponding maps of 
indentation modulus, and the right column (C,F,I) are quantitative data extracted from 
multiple AFM experiments. C) Indentation moduli of specific cell types. F) Indentation moduli 
of companion cell and sieve element cell walls. *** = p value of >0.001 for Wilcoxon 
statistical analysis. I) Transect across two adjacent sieve element cell walls (equivalent to 
double white lines in G/H) showing height (purple), IM (grey). Arrow heads indicate inner 
cell wall regions of phloem sieve element cell walls with lower indentation moduli. P = 
phloem, X = xylem, S = sclerenchyma, SE = sieve element, CC = companion cell. Scale 
bars as shown. Error bars = +/-standard error
Figure 7.  Immunofluorescence and AFM analysis of unfixed, cryo-sectioned 
Miscanthus leaf phloem. A. Indirect immunofluorescence analysis of MAbs LM26 
and LM5 binding to equivalent transverse sections of phloem regions with orientation 
of ventral (V) and dorsal (D) leaf surfaces. Equivalent bright field (BF) and no 
primary MAb control micrographs are also shown. Horizontal dashed white lines in 
the BF micrograph enclose the region analysed by AFM. Bar = 20 µm. B. AFM 
analysis of indentation moduli across phloem regions scanned from V to D as shown 
in A. Representative data from three scans across an individual phloem region are 
shown and indicate IM data for sieve element and companion cell walls. For each 
set of assessments sieve element walls (light grey) had lower IM than associated 
companion cell walls (dark grey). C. Histogram shows AFM IM data from five phloem 
regions (separated into ventral, middle (M) and dorsal regions). Two-way ANOVA 
analysis revealed that IM is significantly different between cell-types (p = <0.005) 
and across the ventral-dorsal axis (p = <0.05). Error bars = standard error
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